This paper develops continent-specific factors for the USEtox model and analyses the accuracy of different model architectures, spatial scales and archetypes in evaluating toxic impacts, with a focus on freshwater pathways. Inter-continental variation is analysed by comparing chemical fate and intake fractions between sub-continental zones of two life cycle impact assessment models: (1) the nested USEtox model parameterized with sub-continental zones and (2) the spatially differentiated IMPACTWorld model with 17 interconnected sub-continental regions. Substance residence time in water varies by up to two orders of magnitude among the 17 zones assessed with IMPACTWorld and USEtox, and intake fraction varies by up to three orders of magnitude. Despite this variation, the nested USEtox model succeeds in mimicking the results of the spatially differentiated model, with the exception of very persistent volatile pollutants that can be transported to polar regions. Intra-continental variation is analysed by comparing fate and intake fractions modelled with the a-spatial (one box) IMPACT Europe continental model vs. the spatially differentiated version of the same model. Results show that the one box model might overestimate chemical fate and characterisation factors for freshwater eco-toxicity of persistent pollutants by up to three orders of magnitude for point source emissions. Subdividing Europe into three archetypes, based on freshwater residence time (how long it takes water to reach the sea), improves the prediction of fate and intake fractions for point source emissions, bringing them within a factor five compared to the spatial model. We demonstrated that a sub-continental nested model such as USEtox, with continent-specific parameterization complemented with freshwater archetypes, can thus represent inter-and intra-continental spatial variations, whilst minimizing model complexity.
Introduction
Decision-making in green chemistry and chemical screening needs adapted tools to assess fate, exposure and risks of chemicals on human health and ecosystems. In a global economy, where products are manufactured and used in various continents over their life cycle, we specifically need tools able to assess and differentiate pollutants emitted on different continents and in meaningful geographical units within a continent and related potential impacts. Life Cycle Assessment (LCA) is a useful approach for such decisions, with its multimedia and multi-pathway exposure models recognized as particularly wellsuited to assess eco-toxicity and human toxicity impacts (Finnveden et al., 2009; Pennington et al., 2004; Udo de Haes et al., 2002) .
USEtox is a consensus model developed within the Life Cycle Initiative led by the United Nations Environmental Program and the Society of Environmental Toxicology and Chemistry (UNEP-SETAC) (Hauschild et al., 2008; Henderson et al., 2011; Rosenbaum et al., 2008 Rosenbaum et al., , 2011 . This parsimonious and transparent model can screen thousands of chemicals and is widely used, but only provides continent-generic characterisation factors and impact scores for a generic unknown continent. Since human and eco-toxicity occur as regional or local impacts (Potting and Hauschild, 2006; Sedlbauer et al., 2007) , recently developed multimedia and multi-pathway models are spatially differentiated in order to provide different impact scores for each regional zone. Spatial differentiation reduces model uncertainty and improves accuracy, precision and confidence in LCA results (Manneh et al., 2010; Potting and Hauschild, 2006; Sleeswijk and Heijungs, 2010) . There is therefore a need to customize USEtox for different specific regions of the world in addition to the existing generic continent.
Inter-continental variation has been investigated using a nested parameterization of the IMPACT 2002 model (Rochat et al., 2004) , with continent-specific boxes nested within the world. The Australian adaptation of the USES-LCA 2.0 model has been similarly investigated by Lundie et al. (2007) . Rochat et al. (2004) found a factor 1.7 to 25 variation in human health impacts among continents. The variation is especially high for short-lived pollutants, e.g., the ingestion intake fraction of aldrin varies by a factor 25 between emissions in Europe and Oceania. These studies, however, do not address whether regionspecific nested models accurately capture results obtained by spatially resolved models that include advection between continents for a set of chemicals covering a wide set of physico-chemical properties. There is a need to evaluate how far this full advection modifies the assessment of fate and exposure and whether a nested individual sub-continental model is sufficient for chemical screening.
Intra-continental variation has been investigated at several resolutions, including 1 × 1 km grid cells for the MAPPE Europe model Vizcaíno and Pistocchi, 2010) , ecological zones with a continental coverage for the BETR North America model (MacLeod et al., 2004) , and watershed or sub-watershed resolution for freshwater emissions in various parameterizations of the IMPACT 2002 model (Humbert et al., 2009; Manneh et al., 2010) . Depending on the emission location within a given continent, intake fractions vary by 2 to 3 orders of magnitude for emissions to air (MacLeod et al., 2004 ) and up to 10 orders of magnitude for emissions to water (Manneh et al., 2010) , highlighting the necessity of high resolution to reduce intake fraction variability.
Assuming continent-level homogeneity may therefore lead to systematic errors, spatial differentiation is necessary. The choice of spatial resolution should account for scientific needs, as well as more practical data and computational constraints (Sedlbauer et al., 2007) . Dividing a region into sub-regions with specific characteristics provides one way of limiting the geographical data requirements (e.g., meteorological, population, and agricultural zones) whilst maintaining sufficient accuracy. Humbert et al. (2011) showed that intake fractions from inhalation of primary particulate matter can be modelled based on emission release height and "archetypal" environment (indoor versus outdoor; urban, rural, or remote locations) and vary by orders of magnitude among conditions considered. Several other authors have used the archetype approach to estimate human toxicity impacts from air emissions, including Hellweg et al. (2009) and Wenger et al. (2012) for indoor air and Rosenbaum et al. (2011) for urban emissions by continent. However, a similar archetypal approach has not yet been developed for related fate and exposure for water emissions. There is a need to explore the relevance of the archetype approach for emissions to freshwater compartments with various hydrological key characteristics.
This work aims to evaluate an appropriate model architecture (nested vs. spatially differentiated) and spatial resolution for the freshwater eco-toxicity and human toxicity impact categories in order to maintain environmental relevance whilst limiting model sophistication in terms of landscape data requirements. This paper primarily focuses on freshwater related pathways affecting human health and ecosystem quality by analysing pollutant fate in freshwater, as well as ecosystem and human exposure, aiming to:
1. Develop landscape parameters for USEtox to develop continentspecific boxes nested within the world. 2. Analyse the inter-continental variation of chemical fate and intake fractions among continents and examine the influence of the region(s) surrounding the considered sub-continent. For this, results from a nested USEtox model with continent-specific parameterization are compared to a fully connected model. 3. Study intra-continental variation and develop archetypes for freshwater eco-toxicity and human toxicity exposure to ingestion of freshwater and fish, as a parsimonious surrogate to higher spatial resolution.
Materials and methods
We selected IMPACTWorld (Shaked, 2011) to create and parameterize USEtox continents nested within a global box and analyse intracontinental variation on the sub-continental level. IMPACTWorld is the only global interconnected model of pollutant fate and exposure modelling atmospheric air transport, whilst the only other interconnected global model GLOBOX (Sleeswijk and Heijungs, 2010 ) is based on average measured wind speeds at ground level (independent of direction) in capital cities. It models media-specific concentrations and intake fractions in 17 sub-continental regions fully interconnected by advective air and freshwater flows, which offers an interesting element of comparison with nested model, but results in an increased level of complexity. The concentrations of PCB-118 in the environment and food were compared to measured empirical concentrations (2011). The comparison showed that the accuracy of IMPACTWorld in predicting environmental concentrations is generally within an order of magnitude, compared to 12 orders of magnitude of variability among impact characterisation factors among different substances (Rosenbaum et al., 2008) .
We selected the IMPACT 2002 model on the watershed scale for a European resolution to analyse inter-continental variation. This model was compared and evaluated against monitored data (except for the freshwater fish ingestion pathway) (Humbert et al., 2009; Margni et al., 2004; Pennington et al., 2005) . The advantage of this model is that it is resolved on a watershed scale, which corresponds to an adequate definition of flow patterns at the regional scale to study intracontinental variation for freshwater eco-toxicity and human toxicity exposure to ingestion of freshwater and fish. The water runoff data has been compiled in this model based on empirical data from the Global Runoff Data Centre (2002) . Hydrological datasets are recently available at a higher resolution at 0.5° Vörösmarty et al., 2000) and 15′ (Lehner et al., 2006) but are not yet implemented in multimedia models.
Parameterization of USEtox landscape data
IMPACTWorld is a spatially differentiated multimedia model that divides the world into 17 sub-continental regions, 9 ocean regions, and 33 coastal regions (Fig. 1) . The regions of the IMPACTWorld model are similar to those chosen for the Input-Output model (Fiot, 2009; Miller and Blair, 1985; Peters and Hertwich, 2007) with some key differences to (1) put less emphasis on geographical boundaries and (2) represent the best trade-off between continental or sub-continental resolution and the representation of population densities and meteorological conditions (Shaked, 2011) . As in previous IMPACT versions (Pennington et al., 2005) , each continental region consists of an air zone (containing an air compartment) and a terrestrial zone (containing water, soil, above-ground leaf crops, roots, and sediment), and each ocean region consists of an air zone and an ocean zone (containing surface ocean, deep ocean, and ocean sediment). Each region is characterised by environmental and demographic parameters, such as rainfall rate, vegetation fraction, and, most importantly for estimating population intake, vegetable and animal production intensity and population density.
In a first step, we developed parameterized sub-continental and continental specific landscapes in USEtox based on the 17 zones of the IMPACTWorld model (Shaked, 2011) . To achieve this, we successively consider the IMPACTWorld parameterization of each subcontinent, grouping the rest of the world into the USEtox global box. Special care was taken to define advection rates between each sub-continent and the surrounding global box, based on average wind speed over the height of the continental air box (for example, the US region has an average wind speed of 7.0 m/s over the lowest 1000 m of air). This advective wind speed over 1000 m is typically higher than the 3 m/s used in USEtox, which is the default wind speed at 10 m height used to determine exchange rates between air, soil and water surface compartments. In a second step, we grouped these 17 zones into 8 continental zones delimited by Humbert et al. (2011) to reduce data collection needs for LCA practitioners whilst still meeting the need of continent-specific characterisation factors for LCA studies. Table 1 shows selected key landscape parameters of the USEtox parameterization for each of the 17 zones. The full set of parameters is provided for these sub-continental zones and for the 8 continental zones in Appendix A. The key physical parameters which influence exposure through the aquatic environment are the mean freshwater depth, which varies by a factor 15 across continents, and the freshwater residence time of water to the sea Pennington et al., 2005) , which varies by a factor 83. Freshwater residence time to the sea τ sea is calculated by summing the residence time in subcontinental zone i with the transfer fraction to all sub-continental zones j downstream of i f j downstream multiplied by their freshwater residence times τ j as follows:
Exposure data are based on regional populations and food production statistics from FAO (2001) , and they vary by up to a factor 1850 for marine fish consumption per capita.
Inter-continental variation and influence of surrounding regions
Landscape parameters such as sub-continental land area, mean freshwater depth, freshwater residence time to sea, and population density influence chemical fate in environment and human intake. We first analyse the variation of fate and human exposure within each of the 17 sub-continents and thus the relevance of using a specific subcontinent rather than generic continental parameters. The analysis is performed for a set of 36 non-dissociating and non-amphiphilic organic chemicals selected from the OMNIITOX project (Margni, 2003; Margni et al., 2002) . It represents well the variability of physicochemical properties of organic substances as reported in Appendix B. This set covers all relevant combinations in terms of environmental partitioning and exposure routes, overall persistence, long-range transport and feedback fraction.
In parallel, we use this chemical set to examine the influence of surrounding region(s) on the fate and exposure of emissions within the considered sub-continent. For this, results from the nested USEtox model with continent-specific parameterization are compared to the fully connected IMPACTWorld model. The 17 zones of the nested USEtox model have the same resolution and landscape parameters as those in the interconnected IMPACTWorld model. Beyond this commonality, the two models calculate fate and intake fraction differently in two key ways: (1) USEtox embeds the sub-continent in a single global box, whereas IMPACTWorld explicitly connects the sub-continental zone to specific adjacent zones, and (2) the model algorithms for exposure and particularly fate are somewhat different. The latter difference can be illustrated by the modelling of advective outflow from a subcontinental zone. It is based on river discharges out of sub-continental zones taken from external references in IMPACTWorld and on a mass balance based on precipitation, evaporation and advection in USEtox. Between these two models, we compared the fate and inhalation intake fractions, as well as ingestion intake fractions through drinking freshwater and eating fish, exposed produce (above-ground leaf crops, including fruit and cereals), unexposed produce (below-ground root crops), dairy and meat products.
2.3. Intra-continental variation and identification of key spatial variation parameters Intra-continental variation was analysed on a finer resolution by comparing USEtox for Europe to the following versions of the IMPACT Europe model: the IMPACT Europe single zone model without spatial distinction (i.e., with one homogeneous compartment per environmental medium), and the IMPACT Europe spatial model accounting for spatial differentiation of 135 watersheds and land zones and 156 air zones on a 2 × 2.5°g rid. Both spatial and a-spatial versions are nested into an a-spatial global zone.
This comparison was carried out first assuming uniformly distributed emissions (i.e., emissions distributed in each watershed proportionally to its land surface area). We then compared results for emissions occurring entirely in one of three selected watersheds being representative of three very different landscape characteristics: a near coast emission in Brittany, an emission into a long river (Danube) and an emission upstream of a large lake (Lake Geneva). We then analysed the interaction between chemical properties and spatially differentiated landscape properties of each watershed to identify the key parameters influencing the fate factors.
Previous observations (Pennington et al., 2005) show that within an open system (1) the regionalization for aquatic eco-toxicity is only relevant for persistent pollutants (i.e., pollutants with a degradation rate higher than the advection rate); and (2) for these persistent pollutants, one important factor affecting fate is the freshwater residence time until reaching the landscape boundary (i.e., until the sea or any other advection into the global system). The mean freshwater depth also affects elimination rates by volatilization and sedimentation and might also play a role. Exposure factors such as the fraction of freshwater volume ingested by the population as drinking water or indirectly through fish ingestion may also influence the freshwater-mediated intake fraction. We therefore analyse the influence of water residence time, water depth and population intake rates and their autocorrelation across the 135 watersheds.
Development of freshwater archetypes based on freshwater residence time
Based on the identified key parameters, we ultimately developed a method to create a limited number of watershed archetypes and test how well these archetypes reflect major variations in fate and exposure across watersheds.
Due to the importance of freshwater residence time until reaching the sea (or the model boundary) found in previous work (Pennington et al., 2005) , this parameter could be used in a first step as the main variable to define these archetypes. To keep the number of archetypes manageable for common practice in Life Cycle Inventory, we define three freshwater residence time archetypes, corresponding to A1) coastal zones with short freshwater residence times, A2) zones with medium freshwater residence times and A3) zones with high freshwater residence times. We define the mean residence times in each zone as τ sea A1 , τ sea A2 and τ sea A3 and the upper threshold residence times for zones A1 and A2 as τ 12 and τ 23 (upper threshold is infinite for A3). These upper thresholds were defined by minimizing the standard deviation variation between the log of the freshwater residence time for each watershed i in the spatial model and the log of the mean residence time for that watershed's archetype using the Excel solver tool. The total standard deviation, SD tot , is the sum of the standard deviations for each of the three residence time archetypes: 
½ is the water residence time until reaching the sea, calculated by summing the residence time in watershed i with the transfer fraction to all watersheds j downstream of i multiplied by their freshwater residence times. τ sea A1, τ sea A2 and τ sea A3 are the residence times for each archetype, calculated based on the total volume of all watersheds corresponding to this archetype and the total advective flow out of all watershed flows corresponding to this archetype.
The mean freshwater residence time to sea is calculated as a surface weighted average of the water residence times of each watershed classified in one of the three archetypes. The calculated mean freshwater residence time of each watershed is presented in Section 3.3. We test 
Results and discussion
3.1. Inter-continental variation: comparison between spatially differentiated IMPACTWorld and nested USEtox model 3.1.1. Residence times Fig. 2a presents the range of freshwater residence times to sea, comparing the nested continent-specific USEtox model to the fully connected IMPACTWorld model. These residence times vary by up to two orders of magnitude among sub-continental zones, with North Australia having one of the shortest times and North Africa having the longest. Values in the two models are similar for all sub-continental zones, with the highest difference being a factor 4 for the East Indies (W14). These differences in freshwater residence times to sea are due to different ways of calculating total water advection. IMPACTWorld outflows are advective flows based on river discharges out of the subcontinental zone (Global Runoff Data Centre, 2002) , whereas USEtox uses a water balance approach based on rainfall, evapotranspiration, infiltration and runoff. Fig. 2b compares the fate factors in freshwater for chemical emissions to freshwater for each sub-continental zone in each of the two models. These fate factors represent the chemical mass in the freshwater environment per unit flow emission (units of kg per kg/day), which corresponds to the residence time of each substance in freshwater (in days). For persistent pollutants that have a long degradation half-life in water (t 1/2water ), such as gamma-HCH (lindane) (t 1/2water = 1.9 years) or aldrin (t 1/2water = 2.0 years), their fate is more sensitive to the zone's freshwater residence time to sea. The fate factors of these persistent pollutants can thus vary by more than one order of magnitude among sub-continental zones, with aldrin ranging from 10 days in North Australia to 199 days in North Africa in the USEtox parameterization ( Fig. C .1 in Appendix C). For non-persistent substances, the emission location has little influence, and the fate factor is identical for all regions. N-nitrosodiethylamine has t 1/2water = 6 h, and thus has a fate factor of 0.36 day in all continents ( Fig. C.1 ).
Fate factors
Discrepancies in fate factors between the two models are limited but observable, particularly for the sub-continental zones that have different freshwater residence times, such as W14 East Indies in Fig. 2a . W14 has a freshwater residence time of 19 days in IMPACTWorld and 80 days in USEtox. Thus persistent pollutants whose disappearance is not driven by degradation, evaporation or sedimentation (e.g., methomyl) have fate factors limited to 19 days in IMPACTWorld (and 80 days in USEtox). Yet Fig. 2b shows one outlier that exceeds this maximum fate factor of 19 days -hexachlorobenzene. This is due to a dynamic that can only be captured by an interconnected spatial model like IMPACTWorld, in which a pollutant can be transferred from one sub-continental zone into an adjacent zone with a higher freshwater residence time to sea. The fate factor also depends on the product of the inter-continental transfer fraction from water to air (Eq. C2 in Appendix C) with the water residence time in the receiving compartment. The fate factor can therefore exceed the water residence time to sea of the emission compartment if it is transferred to the freshwater Fig. 3 . Fate factors and ingestion intake fractions of 36 organic chemicals through freshwater and fish, calculated for the spatial IMPACT Europe model, and compared to the a-spatial single zone IMPACT Europe model (red) and for the three watershed archetypes A1 and A3 (blue). a) Fate, c) intake by water ingestion and e) intake by fish ingestion for a uniform emission. b) Fate, d) intake by water ingestion and f) intake by fish ingestion for point source emissions in Lake Geneva (□), Brittany (Δ), and Danube (○). compartment of another sub-continental zone with higher freshwater residence time. In our case, the fate factor of hexachlorobenzene emitted in W14 (42 days) is driven by the fraction of the pollutant transferred through air to Antarctica (W11) (1.2%). Hexachlorobenzene is highly volatile (K H = 170 Pa·m 3 ·mol − 1 ) and persistent (t 1/2air = 0.84 year and t 1/2water = 6.3 years), and the IMPACTWorld model freshwater residence time in Antarctica (W11) is much higher than the hexachlorobenzene half-life. The fate of hexachlorobenzene in W11 is thus not limited by the freshwater residence time of the emitting compartment.
3.1.3. Intake fractions Fig. 2c and d display the range of human intake fractions through freshwater ingestion and fish ingestion, respectively, due to freshwater emissions of various substances. In addition to variation of water residence time in each sub-continental zone (influenced by water surface and depth), inter-continental variation also depends on landscape parameters related to exposure, such as population density and various food product intake rates. These parameters lead to variation in intake fractions for the same substance in different sub-continental zones of more than three orders of magnitude, not only for persistent substances, but also for some easily degradable chemicals. Given the many parameters that influence intake fraction, difference neither in spatialization nor in model algorithms causes substantial deviation of intake fractions between the two models, which generally remain within two orders of magnitude. Intake fraction results for other pathways from freshwater emissions, as well as intake fraction for all pathways from air emissions, are presented in Appendix C.
The previous results show that considered zones cover a wide range of landscape parameters corresponding to a comprehensive overview of sub-continental fate and intake fraction variability.
Intra-continental variation and importance of spatialization: Europe a-spatial and Europe spatial IMPACT model
This section analyses the intra-continental variation of fate and intake fractions in Europe on a watershed scale. Fig. 3 uses a red symbol to compare the fate factors (a, b) and intake fractions (c-f) of the a-spatial with those of the spatial IMPACT model, for both uniform and point-source emissions (i.e., respectively for surface weighted emissions and emissions in specific European watersheds). Results for the three watershed archetypes are displayed in blue and discussed in Section 3.3.
Fate factors
For a uniform emission (when a substance is uniformly emitted on the surface covered by the model), Fig. 3a shows that fate factors smaller than 3 days (lower left portion of the graph) are similar for the spatial and a-spatial versions of the model. For more persistent pollutants and regions with higher freshwater residence times to sea, the a-spatial single box model overestimates the fate factor by up to a factor 5 when compared to the spatially differentiated model due to the high freshwater residence time to sea in the aspatial model (4.1 y).
For point-source emissions (when a substance is emitted in a defined single geographical location covered by the model) in locations with increasing freshwater residence time to sea (Brittany is 0.81 days (corresponds to archetype A1), Danube is 1.4 years (corresponds to archetype A3) and Lake Geneva is 13.6 years to the sea (corresponds to archetype A3)), Fig. 3b shows that the a-spatial model accuracy depends on the watershed in which the pollutant is emitted and on the pollutant persistence in freshwater. For highly degradable pollutants with degradation half-lives less than 3 days, such as n-nitrosodiethylamine and captan, a-spatial fate factors are aligned with the spatial ones for all watersheds. This is not the case for more persistent pollutants for which the freshwater residence time to sea of the emitting compartment is a key factor. For an emission to Lake Geneva, the a-spatial single box model only slightly underestimates the residence time, since the a-spatial freshwater residence time to sea (4.1 years) is three times higher than Lake Geneva's freshwater residence time to sea (13.6 years in the spatial model). For the same reason, fate factors for an emission into the Danube are slightly overestimated in the a-spatial model (freshwater residence time in the Danube watershed is 1.4 years). Brittany a-spatial fate factors are overestimated by about 3 orders of magnitude because of the short freshwater residence time to sea in this coastal region (0.81 day = 0.002 year). When an emission location is known, a spatially differentiated model can thus improve the model accuracy by up to 2-to 3 orders of magnitude.
Intake fractions
Human intake fractions for freshwater and fish ingestion are represented in Fig. 3c to f. For a uniform emission, the a-spatial model underestimates both these intake fractions by up to 2 orders of magnitude ( Fig. 3c and e) . This trend is different from that observed for fate prediction due to differences in exposure estimation between these two models. Despite the low freshwater residence time in coastal zones, exposure factors tend to be higher in these zones, compared to inland watersheds with high freshwater residence times. These variations in exposure also influence the intake fraction for a point source emission into freshwater ( Fig. 3d and f) , such that the a-spatial model underestimates the intake fraction for an emission in Brittany. The model overestimates intake for emissions into a large body of water such as the Lake Geneva watershed.
Key parameters affecting fate
To further analyse the main parameters responsible for the spatial variation of fate factors, Fig. 4a presents the variability in chemical fate for emissions in different European watersheds, as calculated by the spatially differentiated European IMPACT model. For easily degraded pollutants with a half-life lower than a day, such as nnitrosodiethylamine (t 1/2 = 6 h in freshwater), fate factors vary by less than one order of magnitude across European watersheds. Such highly degradable or volatile chemicals disappear before being advected out of the watershed and their residence times do not vary much across watersheds. On the contrary, fate can vary up to four orders of magnitude for persistent pollutants with half-lives larger than 100 days, such as methomyl (t 1/2 = 230 days in freshwater).
By displaying the fate factor as a function of the freshwater residence time for four pollutants with different levels of persistence in freshwater (n-nitrosodiethylamine has t 1/2 = 0.25 day, captan has t 1/2 = 0.71 day, hexabromobenzene has t 1/2 = 73 days, and methomyl has t 1/2 = 230 days), Fig. 4b shows that the variability across watersheds is mostly explained by the freshwater residence time to sea. Whilst the fate factor of the short-lived n-nitrosodiethylamine is not influenced by freshwater residence time, fate factors for methomyl show a strong linear dependence on freshwater residence time. The distinction between emissions of hexabromobenzene in watersheds with a water depth below and above 1 m shows that outliers (watersheds for which fate factors are not limited by freshwater residence time) depend on the mean depth in the considered geographical unit that influences other loss processes, such as volatilization or deposition rates. The higher the freshwater depth, the lower the volatilization and deposition rates and the greater the fate factor. Fig. D.1a and b show the same analysis applied to intake fractions through water ingestion.
Key parameters affecting exposure
To understand the main factors affecting the variability of the exposure factors (XP) across Europe, we calculate for each watershed i an equivalent exposure factor through freshwater ingestion and fish ingestion by dividing the intake fraction (IF i ) by its fate factor (FF i ):
The resulting exposure factor can be interpreted as the equivalent fraction of the overall volume of water available that is taken in every day by the population. Fig. 5 presents the exposure factors by freshwater ingestion as a function of the freshwater residence time to sea for all watersheds of the spatial model, for the three archetypes and for the a-spatial model. We observe a clear inverse relationship between the exposure factor and the freshwater residence time to sea; for watersheds with a short residence time to sea, such as Brittany, the available volume of water is limited and thus the equivalent fraction of the water volume taken in every day by the population is high. As the freshwater residence time to sea increases, the fraction of water taken in is reduced by more than two (Danube) to three (Lake Geneva) orders of magnitude.
Freshwater archetype

Development of the archetype watersheds
The previous section has shown that the freshwater residence time to sea is a major determinant of both fate and exposure. This residence time to sea (or the model boundary) has thus been used to define three water archetypes by minimizing the variation between the log of freshwater residence times of the spatial model and the log of the mean value of the archetype watershed, as described in Section 2.4. The resulting three archetypes have the following key characteristics. Archetype A1 covers coastal zones with short freshwater residence times, reaching the sea in less than 2 days, with an average value of 1.7 days, and a total volume of water of 0.073 m 3 per m 2 land area (also equal to the mean depth). Archetype A2 covers watersheds of medium freshwater residence times between 2 and 60 days, with an average of 8.6 days and a water volume of 0.27 m 3 per m 2 land area.
Archetype A3 covers watersheds with freshwater residence times longer than 60 days, with an average residence time of 1600 days and a volume of water of 39 m 3 per m 2 land area.
Appendix D presents the archetype classification of each of the 136 watersheds of the IMPACT Europe spatial model, as well as the geographical delimitation of the three newly developed archetypes.
Evaluation of the archetype model
We evaluated the performance of this watershed archetype model by comparing the resulting fate and intake fraction of each test pollutant in each archetype to the IMPACT Europe spatial model results for uniform and point source emissions (blue markers in Fig. 3) .
For a uniform emission, chemical fate factors of the archetype model are aligned with those of the Europe spatial model (Fig. 3a) . For intake fractions through freshwater and freshwater fish ingestion, the archetype model also improves upon the a-spatial model estimation by substantially reducing the difference in results to within a factor two ( Fig. 3c and e) . This reflects the improvement in both fate and exposure modelling related to population density compared to the a-spatial model, given that the archetype A1 is composed of coastal areas and thus mimics more adequately the intake fraction related to coastal zones modelled with the Europe spatial model.
For a point source emission, the archetype model represents a substantial improvement over the a-spatial model, with fate factors generally within a factor five of the spatial model (Fig. 3b) . This improvement is particularly stark for Brittany, because its freshwater residence time of 0.81 day is well approximated by the average residence time of 1.7 day in the archetype model. Fig. 3d and f shows that the intake fractions are also improved in the archetype model, especially for a source emission in Brittany due to the modelling of higher exposure in coastal zones.
Conclusions
This paper develops continent-specific factors for the USEtox model and provides a first evaluation of the variability of fate and exposure induced by simplified approaches addressing spatial differentiation of toxic impacts such as: (1) region-specific nested models with a global surrounding box and (2) spatial archetypes based on key landscape parameters. It shows that simplifying models either to a nested model of continent-specific landscapes or to a model with a limited number of watershed archetypes still captures the main variability in impacts and may represent an efficient solution to account for spatial variations whilst limiting the complexity of the analysis.
Inter-continental variations in water residence time, fate and intake fraction are greater than one order of magnitude among the 17 zones assessed with the IMPACTWorld and USEtox models, due to differences in continent-specific landscape and population parameters. However, the model architecture of the surrounding box(es) (i.e., the single global box of USEtox or the interconnected continents of IMPACT) generally does not have a significant influence on results, with the exception of volatile and persistent pollutants in both air and water. A nested model, such as USEtox with a specific sub-continental parameterization, is thus well suited to model inter-continental variations in fate and exposure for most substances.
For intra-continental variation, an a-spatial model might substantially overestimate the chemical fate and characterisation factors for freshwater eco-toxicity, by up to 3 orders of magnitude when compared to a spatially regionalized multimedia model representing the variations in hydrology and water use between watersheds. We identified freshwater residence time to sea as a key parameter affecting the variation in fate and exposure of persistent chemicals in water, and thus developed a set of three watershed archetypes based on this residence time as an alternative to a spatially differentiated model. This archetype model predicts aquatic fate and intake fractions within a factor 5 of those predicted by a detailed spatial model, whilst decreasing model complexity.
This work is an important step towards a regionalized assessment of toxic impact in the context of LCA and chemical screening. Further research work should be pursued to evaluate the robustness and the accuracy of the proposed archetypes applying a model with finer spatial resolution capabilities, whilst maintaining global coverage and multimedia modelling capacities. Models running on recently available hydrological datasets at 0.5°and 15′ should provide better basis to determine the optimal number of archetypes and further explore landscape key characteristics influencing fate and exposure across continents. Appendix B. Selected set of pollutants Table B .1 Chemical data of the set of 36 pollutants of the OMNIITOX set (Margni et al., 2002 Appendix C. Additional USEtox parameterization results We calculated transfer fractions from air to freshwater (TF a,w , unitless) and from freshwater to air (TF w,a , unitless) based on the following fate factors:
where all the fate factors (FF) are in units of days and equal to the steady state substance mass in the second subscript (in kg) for an emission flow of 1 kg/day to the compartment indicated by the first subscript. FF a,w is the fate factor in freshwater for an emission to air, FF w,a is the fate factor in air for an emission to freshwater (days), FF w,w is the fate for an emission to freshwater in freshwater (days), and FF a,a is the fate factor in air for an emission to air (days). ) emitted to continental air is transfer to global air. The transfer factor from air to freshwater is higher than 1.0 for hexachlorobenzene in IMPACTWorld for emission to Brazil (W8) and East Indies (W14). This result is in line with Fig. 2b results, where the fate of hexachlorobenzene in W14 is observed to exceed the freshwater residence time in this sub-continental zone due to a transfer to Antarctica (W11). In the same way, when hexachlorobenzene is emitted to air in East Indies and Brazil, it is transported to Antarctica where the freshwater residence time is higher than in East Indies and Brazil (N8000 years compared to 19 days and 34 days). Hexachlorobenzene fate in water when emitted to air is thus higher than when emitted in water in W8 and W14, due to a transfer to Antarctica and important substance residence time there.
Fig. C.2b shows that when emitted to freshwater, the thiram and n-nitrosodiethylamine transfer fractions to air are under-estimated by USEtox by six and three orders of magnitude, respectively.
Based on these observations, deviations in fate results are more due to model algorithm differences (i.e., modelling of freshwater outflow and the volatilization algorithm) than to the influence of surrounding global or continental zones.
Figs. C.3 and C.4 present respectively intake fractions for an emission to freshwater and for an emission to air. Fig. C.3a shows that results for both models are aligned except for thiram and n-nitrosodiethylamine. This difference is correlated with the discrepancies observed for transfer fraction from freshwater to air (see Fig. C.2b ), and thus due to a difference in fate factor F w,a . such as n-nitrosodiethylamine (t 1/2 = 6 h in freshwater). On the contrary, the intake fraction through freshwater ingestion varies by three to four orders of magnitude for persistent pollutants with half-lives larger than 100 days, such as methomyl (t 1/2 = 230 days in freshwater).
By displaying the intake fraction through water ingestion as a function of the freshwater residence time for four pollutants with different persistence in freshwater (n-nitrosodiethylamine t 1/2 = 0.25 d, captan: t 1/2 = 0.71 d, hexabromobenzene: t 1/2 = 73 d, and methomyl: t 1/2 = 230 d), Fig. D.1b shows that the variability across watershed decreases as water residence time increases, more prominently for quickly degraded pollutants. In short-residence-time watersheds, all substances are equally ingested through drinking water independently of their persistence (persistent substances are removed from the system by advection). In long-residence-time watersheds, the intake fraction of n-nitrosodiethylamine is up to 4 orders of magnitude lower than in short-residence-time watersheds. This is explained by the fact that low persistence substances are degraded in watersheds where they have been emitted, where the population is generally lower than for watersheds close to the coast (population is the only spatially differentiated parameter affecting exposure by water ingestion). This variability is reduced to three orders of magnitude for methomyl, given that this substance crosses watersheds with various population patterns due to its high persistence. 
